Context: It is hypothesized that obesity adversely affects the ovarian environment, which can disrupt oocyte maturation and embryonic development.
M ore than two-thirds of women of reproductive age are classified as overweight or obese [OW; body mass index (BMI) .25 kg/m 2 ] and are predisposed to higher risk of infertility and pregnancy complications, leading to higher rates of fertility treatments (1, 2) . During in vitro fertilization (IVF) procedures, OW women have significantly lower numbers of oocytes retrieved, decreased numbers of cleaved embryos, reduced high-grade embryos, and increased number of miscarriages compared with normal-weight (NW) women (2, 3) . Studies have also demonstrated a reduction in pregnancy and live birth rates associated with higher oocyte donor BMI despite controlling for the recipients' BMI, which underlines the importance of body weight and adiposity on oocyte integrity and competence (4) . A majority of clinical studies have focused on the effects of obesity on pregnancy and/or fertility outcomes (2, 3) . Understanding the molecular changes present in oocytes from OW women compared with NW women before conception may provide insights into the causes of infertility, as well as the potential consequences of preconception female obesity on offspring development. Tools such as RNA sequencing (RNA-Seq) have provided the ability to study gene regulation at an individual cell level (5) . In this study, we used global transcriptome sequencing of single human oocytes at various maturation stages-germinal vesicle (GV), metaphase I (MI), and metaphase II (MII)-to identify differentially expressed genes between NW and OW women. We hypothesized that oocytes from OW women would have differential expression of genes related to the inflammatory and lipid metabolism pathways compared with those from NW women. We further hypothesized that follicular fluid (FF) content of OW women would have greater levels of insulin, glucose, triglycerides, and inflammatory markers than FF from NW women.
Methods

Participants
Healthy women aged 18 to 38 years who were undergoing fertility treatment that included an oocyte retrieval procedure at a local fertility clinic were enrolled on the basis of BMI: NW (18.5 to 24.9 kg/m 2 ; N = 13) and OW ($25 kg/m 2 ; N = 11). Participants' infertility diagnosis included 25% male factor, 25% ovulatory disorder, 17% tubal factor, 12.5% endometriosis, and 21% unexplained (Table 1) . Women diagnosed with polycystic ovary syndrome, diabetes, or cardiovascular diseases were excluded. The study protocol was approved by the institutional review board of the University of Arkansas for Medical Sciences, and informed consent was obtained (clinicaltrials.gov no. NCT01480024).
Oocyte and FF retrieval procedures
During fertility treatment, participants underwent a superovulation procedure that included an oocyte retrieval. (Details are provided in the Supplemental Methods). Oocytes were separated from FF, and individual oocytes that were not used for IVF were staged (GV, MI, MII) and collected following standardized procedures. Oocytes were placed in 500 mL of Dynabeads messenger RNA (mRNA) lysis buffer (Life Technologies, Carlsbad, CA) and stored at 270°C. FF aspirates were centrifuged, and supernatants were collected for storage at 270°C.
Anthropometrics
Body mass was measured to the nearest 0.1 kg using a standing scale (BWB-800S digital scale; Tanita, Arlington Heights, IL), and stature was measured to the nearest 0.1 cm using a standard wall-mounted stadiometer. Blood pressure was measured using the HEM-907 (Omron, Lake Forest, IL).
Body composition
Measurements of fat mass, fat-free mass (FFM), and percent body fat of the overnight fasted participants were assessed by air displacement plethysmography (BodPod ® ; COSMED USA, Inc., Concord, CA) following manufacturer recommendations.
Dietary intake
Dietary intakes were assessed using 3-day food records analyzed with the Nutrient Data System for Research software (Nutrition Coordinating Center; University of Minnesota, MN). Daily dietary nutrient intakes were averaged over the 3 days. The percentage of calories from fat (% fat kcal), saturated fat (% SFA), and monounsaturated fat (% MUFA) was calculated.
Resting energy expenditure
Using indirect calorimetry (Moxus; AEI Technologies, Bastrio, TX), respiratory exchange ratio (RER) and resting energy expenditure (REE) were derived from oxygen consumption and carbon dioxide production during a 10-minute steady state in overnight fasted participants. To account for differences in body composition between the two groups, loglog regression models of REE and body FFM (kg) were used to assess their relationship, as previously described by Purcell et al. (6) .
Serum and FF analyses
Serum samples were obtained from overnight fasted participants. Serum and FF glucose (Synermed, Westfield, IN), total cholesterol (Synermed), and triglyceride (Cayman Chemical, Ann Arbor, MI) levels were assessed using colorimetric assays. Serum and FF insulin, leptin, tumor necrosis factor (TNF)-a, C-reactive protein (CRP; EMD Millipore, Billerica, MA), and interleukin (IL)-6 (R&D Systems, Minneapolis, MN) were measured using enzyme-linked immunosorbent assay kits. Serum lipid profiles-nonesterified fatty acids, high-density lipoprotein, and low-density lipoproteinwere analyzed by enzymatic methods on an RX Daytona clinical analyzer (Randox Laboratories, Kearneysville, WV). All assays were performed in accordance with the manufacturers' instructions. Omega fatty acid methyl esters were prepared from serum and FF samples using a direct in situ transesterification method (7) . The individual fatty acid methyl esters were quantified using gas chromatographymass spectrometry (8) The MS detector was operated in total ion chromatogram mode, and selected ions were extracted for quantification.
Oocyte RNA sequencing
Both mRNA and genomic DNA were isolated from individual oocytes using a Dynabeads mRNA Direct Kit (Life Technologies) as previously described (9) . mRNA was amplified using a SMARTer Ultra Low Input RNA Kit for Sequencing-v3 (Clontech Laboratories, Mountain View, CA), and complementary DNA (cDNA) output was quantified using Qubit dsDNA High Sensitivity Assay Kit (Invitrogen, Carlsbad, CA). cDNA libraries were prepared using the Nextera XT DNA Kit (Illumina, San Diego, CA). Fragmented cDNA was evaluated using the Experion DNA 1K Chip (Bio-Rad, Hercules, CA) to determine size distribution of the libraries. Samples were sequenced (75-bp single reads) using the NextSEquation 500 System (Illumina). , and RNA-Seq was conducted. Sequencing reads from each sample were trimmed and filtered. Using TopHat, reads were aligned to the human genome (hg19), and bam files were generated. Each biological replicate led to ;14 to 20 million reads. All data were analyzed using SeqMonk and R software. Gene expression levels were expressed as raw read counts for differential expression analysis and as log-transformed normalized reads per kilobase per million mapped reads for visualization. Differentially expressed gene expression was identified using the DESeq2 package and was filtered at 6twofold change and statistical significance with a P value ,0.05. Gene Ontology (GO), transcription factor (TF) target analysis, and pathway analyses were conducted with DAVID bioinformatics and/or WebGestalt, which included multiple testing corrections.
Sequencing data analyses
Real-time quantitative polymerase chain reaction
Isolated cDNA that was used for RNA-Seq was used for real-time quantitative polymerase chain reactions (RT-qPCRs) (ABI Prism 7500 Fast Sequence Detection System; Applied Data are expressed as mean 6 standard error of the mean. Differences between groups were determined using Mann-Whitney U nonparametric tests with a statistical significance level of P # 0.05.
Abbreviations: AMH, anti-Müllerian hormone; BP, blood pressure; CCL2, chemokine (C-C motif) ligand 2; FFM, fat-free mass; FSH, follicle-stimulating hormone; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment2insulin resistance index; IL-6, interleukin-6ý; LDL, low-density lipoprotein; LH, luteinizing hormone; NEFA, nonesterified fatty acid; REE, resting energy expenditure; RER, respiratory exchange ratio; TNF, tumor necrosis factor.
Biosystems, Foster City, CA), and gene-specific primers were designed using Primer Express Software (Applied Biosystems; Supplemental Table 1 ). Genes of interest were normalized to the geometric mean of b-actin and glyceraldehyde 3-phosphate dehydrogenase mRNA expression as they were previously used human cumulus cells (10) (11) (12) (13) . A total of nine genes were selected: CXCL2, CXCL3, CCL20, TWIST1, ID3, IL-34, DUSP1, GAS7, and TXNIP (additional gene information is presented in the Supplemental Materials).
Statistical analysis
Continuous data are summarized as means 6 standard error of the mean (SEM), and comparisons between NW and OW women were performed using the Mann-Whitney U test for nonparametric analyses. Categorical data are summarized as counts and percentages, and comparisons between NW and OW women were performed using Fisher's exact test. Statistical significance was determined as P # 0.05, and trending significance was defined as P , 0.10. RT-PCR results were expressed as mean fold change from NW women 6 SEM. Correlation analyses were conducted using either Pearson correlations or nonparametric Spearman correlations. Statistical analyses were performed using GraphPad Prism 7.0 (La Jolla, CA). Multiple linear regression models were used to identify maternal factors (BMI, % body fat, REE, RER, % fat kcal, % SFA, and % MUFA) significantly associated with TWIST1 RNA-Seq expression using Stata version 14.1 (College Station, TX). The most parsimonious model was constructed by initially including all seven predictors in the model and then sequentially eliminating the predictor with the smallest and nonsignificant partial correlation. Similar results were also obtained when stepwise regression was used.
Results
Participant characteristics
Participants were 92% white, 4% Asian, and 4% African American (Table 1) . By study design, OW participants had higher BMI and body fat percentage than NW women (P , 0.05; Table 1 ). There were no differences in RER or REE (kcal/kg FFM 0.89 ) between the groups (Table 1) . Dietary intake of OW women was ;550 kcal/d greater than that of NW women. OW women ate fewer carbohydrates, more fat, and a greater proportion of energy from MUFAs than NW women did (P , 0.05; Supplemental Table 2 ).
Greater serum leptin, homeostatic model assessment2insulin resistance index, and inflammation in OW women OW women had higher serum leptin level, homeostasis model assessment2 insulin resistance (HOMA-IR) index, and levels of the inflammatory markers CRP and chemokine (C-C motif) ligand 2 (CCL2) than NW women (P , 0.05; Table 1 ). There were no significant group differences in levels of serum glucose, insulin, lipids (total cholesterol, triglycerides, high-density lipoprotein, low-density lipoprotein, omega-6/omega-3 ratio, or nonesterified fatty acid), inflammatory markers (TNF-a, IL-6), or reproductive markers (luteinizing hormone, follicle-stimulating hormone, anti-Müllerian hormone, estradiol) ( Table 1) .
Obesity was associated with altered FF metabolite contents OW women had increased FF triglyceride, leptin, and CRP levels (P , 0.05; Fig. 1 ) compared with those of NW women. There were no significant differences in FF total cholesterol, glucose, insulin, CCL2, and TNF-a levels between groups (data not shown). However, FF TNF-a levels were significantly correlated with total body fat percentage (R = 0.74; P = 0.001). In addition, the serum omega-6/omega-3 ratio was significantly correlated with FF TNF-a levels (R = 0.570; P = 0.05) and FF CCL2 levels (R = 0.604; P = 0.02), suggesting that higher ratios of polyunsaturated fatty acids were associated with higher inflammation in the FF.
Oocytes of various maturation stages showed distinct gene expression profiles
Results revealed dramatic changes in oocyte transcriptome at different maturation stages of OW women compared with those of NW women. OW women showed 192 genes to be differentially expressed in GV, 624 genes to be differentially expressed in MI, and 468 genes to be differentially expressed in MII oocytes compared with oocytes of NW women. Scatterplots were used to visualize differentially expressed genes between Figure 1 . FF levels of triglycerides, leptin, and CRP from NW (N = 13, black bars) and OW (N = 11, gray bars) women. Data are represented as mean 6 SEM. A significant difference between groups was set at P , 0.05 (*) using the Mann-Whitney U nonparametric tests.
the three maturation stages of the oocytes from OW and NW women (Fig. 2) . These results suggest that body composition may influence oocyte gene expression and/or mRNA stability in women undergoing fertility treatments. Although not a focus of this analysis, hierarchical clustering was used to observe potential differences between maturation stages of the oocytes. Results demonstrated that GV oocyte gene expression was more distinct than MI and MII oocyte gene expression regardless of body composition. Similarly, the Venn diagram analysis of differentially expressed genes between OW and NW women showed more overlap of genes between MI and MII oocytes compared with genes altered in GV samples. Supplemental Table 3 illustrates the similarities in gene expression due to maturation stages.
Oocytes from OW women showed distinct enrichment of GO terms, TFs, and KEGG pathways GO term enrichments were used to understand the different functions associated with differentially expressed genes. The top 10 GO terms that were significantly enriched included cytokine receptor binding; cytokine activity; regulation of DNA damage response; regulation of transcription, DNA-dependent; regulation of RNA metabolic process and apoptosis; and regulation of gene expression, DNA binding, and nucleus [Supplemental Tables 4(a-c)]. TF target analysis identified a variety of upstream regulators at each oocyte maturation stage. FOXO4 and AP4 were identified as upstream targets for TXNIP, DUSP1, ID3, TWIST1, IL-34, and GAS7 in MI and MII. SP1 was identified as a key TF in all maturation stages (Supplemental Table 5 ). A selection of the top 10 KEGG pathways that were differentially regulated in OW oocytes compared with NW oocytes included chemokine signaling pathway and cytokine-cytokine receptor interaction in the GV oocytes (adjusted P values of 0.007 and 0.01, respectively); metabolic pathways and MAPK signaling pathway in MI oocytes (adjusted P values of 0.02 and 0.07, respectively); and metabolic pathways and mTOR signaling pathway in MII oocytes (adjusted P value of 0.02; Table 2 ).
Validation of selected genes by RT-qPCR
The chosen genes were identified from KEGG pathways or GO analyses with potential roles in obesity and/ or reproduction. In GV oocytes, CXCL2 (P = 0.071) gene https://academic.oup.com/jcemexpression tended to be higher in OW women than in NW women (Fig. 3) . In MI oocytes, DUSP1 (P = 0.051) tended to be upregulated, whereas GAS7 (P = 0.065), TWIST1 (P = 0.099), and ID3 (P = 0.075) tended to be downregulated in oocytes from OW women compared with NW women (Fig. 3) . Lastly, in MII oocytes, TXNIP gene expression tended toward a downregulation (P = 0.055) in OW women compared with NW women (Fig. 3) . Although results did not reach significance for all genes that were selected because of our small sample size, the RT-qPCR results were concordant with the sequencing results and, in most cases, showed a trend toward significance. Interestingly, CXCL3 (R = 0.63; P = 0.04) and IL-34 (R = 0.55; P = 0.041) gene expressions were significantly positively correlated with BMI, whereas TXNIP gene expression was significantly negatively correlated with body fat (R = 20.71; P = 0.03).
Serum and FF metabolites correlated with oocyte gene expression
Correlation analyses showed that serum and FF metabolites were associated with oocyte gene expression. Serum CRP levels were correlated with CXCL2 expression in GV oocytes (r = 0.65; P = 0.049), whereas FF CRP and cholesterol levels were correlated with TWIST1 expression in MI oocytes (r = 20.80; P = 0.014 and r = 20.57; P = 0.055, respectively).
Multiple linear regression models of TWIST1 RNA expression TWIST1 is a TF that has been shown to upregulate inflammation and alter lipid metabolism (14, 15) . Multiple regression analyses were used to examine maternal factors that could predict TWIST1 gene expression. The three most parsimonious models are presented in Table 3 . In model 1, body fat (%), % SFA, and RER were retained, whereas in model 2, just % SFA and RER were retained. Neither body fat (%) nor RER explained a significant proportion of the variance seen in TWIST1 gene expression; thus, they were dropped from the final model. The most parsimonious model (i.e., model 3) retained only % SFA, accounting for 32% of the variance in TWIST1 gene expression (Table 3) .
Discussion
Obesity adversely affects the ovarian environment through reproductive hormone imbalance, lipid accumulation, inflammation, oxidative stress, insulin resistance, and mitochondrial dysfunction (16, 17) . Together, these factors may disrupt oocyte development and competence and impact embryo development (18, 19) . Clinical studies have focused on the effects of obesity on pregnancy and/or fertility outcomes rather than the molecular mechanisms underlying these effects. Thus, it is unclear how obesity impacts oocyte gene expression. This study examined the impact of obesity on oocyte gene expression from OW and NW women using a single-cell transcriptomic approach. Obesity led to differential oocyte gene expression at all maturation stages, with specific upregulation of CXCL2 and DUSP1 and downregulation of TWIST1, ID3, GAS7, and TXNIP gene expression. The FF milieu also differed, with greater levels of leptin, CRP, and triglycerides in OW women than in NW women. Interestingly, we not only observed changes in oocyte TWIST1 gene expression with increasing BMI, but maternal diet, specifically SFA intake, was also shown to be more predictive of changes in TWIST1 expression, suggesting that maternal diet may have a greater influence than body composition per se on changes in oocyte gene expression. Inflammatory proteins play an important role in a variety of reproductive processes, including menstruation, ovulation, implantation, and parturition (20, 21) . Figure 3 . Relative gene expression for selected genes using the isolated cDNA from the RNA-Seq analyses to conduct RT-qPCR for each oocyte maturation stage (NW women, white bars; OW women, black bars). All values were normalized using a geometric mean for glyceraldehyde 3-phosphate dehydrogenase and b-actin mRNA expression as mean fold change relative to NW women for GV, MI, and MII oocytes. Data are expressed as mean 6 SEM. Significant differences between groups was set at P # 0.05 using the Mann-Whitney U nonparametric test. Variation in sample size is due to undetectable expression by RT-qPCR. CXCL2, chemokine (C-X-C motif) ligand 2 (NW = 5, OW = 3); DUSP1, dual specificity protein phosphatase 1 (NW = 8, OW = 5); GAS7, growth arrest specific 7 (NW = 8, OW = 5); ID3, inhibitor of DNA binding 3, HLH protein (NW = 10, OW = 5); TXNIP, thioredoxin interacting protein (NW = 5, OW = 5); TWIST1, Twist family bHLH transcription factor 1 (NW = 10, OW = 5). These results are also consistent with an increased ovarian proinflammatory signaling associated with changes in oocyte gene expression in obese mice (12) . Combined, these data demonstrate that obesity leads to an upregulation of proinflammatory-related transcripts in oocytes, which may lead to altered oocyte and embryo development. Further studies are needed to evaluate the mechanisms by which localized inflammation impacts oocyte development. We identified DUSP1, GAS7, ID3, and TWIST1 in MI and TXNIP in MII oocytes as being differentially expressed in OW women compared with NW women. DUSP1 inhibits MAPK kinase activity and plays a role in oocyte maturation, developmental competence, spindle morphology, and chromosome alignment (26) (27) (28) (29) . In this study, although DUSP1 gene expression was upregulated by 2.2-fold in MII oocytes with RNA-Seq, we were unable to confirm it with RT-PCR because of high variability between participants. A greater number of participants per group would help to confirm that oocyte DUSP1 gene expression is affected by obesity in MII oocytes.
TXNIP is an oxidative stress-related gene with expression that was previously identified in mouse oocytes as well as in bovine and human cumulus cells and has been correlated with lower oocyte quality (30, 31) . In this study, we showed a downregulation of TXNIP expression in MII oocytes from OW women compared with NW women, which is in accordance with previous results from animal models, suggesting that oocytes from OW women may have lower developmental competence than oocytes from NW women. Results also identified a downregulation of ID3 gene expression, a TF previously identified in bovine oocytes and porcine granulosa cells, in both MI and MII oocytes from OW women compared with NW women (32, 33) . ID3 is regulated by FSH and is increased in cumulus oocyte complexes, suggesting an important role in oocyte development and maturation. GAS7 gene expression was also downregulated in MI and MII oocytes from OW women compared with NW women. GAS7 plays an important role in neuronal development and cell protection of embryonic stem cells as well as in the regulation of lipid metabolism and insulin signaling (12, 34) . Thus far, it has been identified only in human cumulus cells (12) . Although the role of GAS7 in the human oocyte needs further confirmation, these results suggest that obesity may alter key developmental pathways related to neuronal development as well as key metabolic pathways (lipid metabolism and insulin signaling), which are critical in the developing embryo. These results are in line with results in offspring from OW women that demonstrated differential brain development (35) as well as findings in offspring from obese dams that identified alterations in lipid metabolism (36) . Furthermore, TF analyses suggest that FOX04, SP1, and AP4 could be potential upstream targets for the genes identified in this study. Future studies investigating these three targets are warranted to confirm their role in oocyte gene expression in obese women.
We identified a downregulation of TWIST1 gene expression in MI oocytes of OW women compared with NW women. TWIST1 is a TF highly expressed in the placenta and involved in embryonic development of tissues (37) . TWIST1 expression upregulates inflammation and alters lipid metabolism (14, 15) . In an in vitro model of human adipocytes, TWIST1 upregulated the expression of CCL2, IL-6, and TNF-a (15). In our hands, oocyte TWIST1 gene expression was not statistically linked to BMI or adiposity; however, it was significantly associated with maternal diet and metabolism. We also identified correlations between TWIST1 gene expression and FF CRP and cholesterol. Multiple linear regression analyses demonstrated that SFA intake was a significant predictor of TWIST1 oocyte gene expression. Thus, our results suggest that maternal dietary SFA may be of greater importance than maternal adiposity per se in regulating the inflammatory response of the oocyte. Future intervention studies focused on reducing SFA intake may elicit positive outcomes on oocyte gene expression and future offspring.
The ovarian follicular environment of OW women was also significantly altered, with elevated FF triglycerides, leptin, and CRP levels compared with those of NW women. These data are in line with previous results showing an elevation of FF CRP, insulin, and triglyceride levels in obese women compared with NW women (38, 39) . In this study, serum and FF CRP levels were shown to be significantly correlated with CXCL2 and TWIST1 oocyte gene expression. Parallel to the inflammation presented in the oocyte and FF, we found higher serum CRP and CCL2 levels as well as increased leptin and HOMA-IR content in OW women compared with NW women. Lastly, we identified correlations between serum polyunsaturated fatty acids and FF cytokine expression and serum CRP and inflammatory gene expression of the oocyte, suggesting that higher systemic inflammation and dietary intake may lead to an inflammatory response identified in the FF and oocyte.
This study had some limitations. Participants had documented infertility and were hormonally superovulated before their oocyte retrieval, which may have altered the oocyte's gene expression. However, because both NW and OW women were exposed to similar protocols, results should reflect the effect of overweight/ obesity under these conditions. To our knowledge, superovulation is the most commonly used method to collect oocytes. Second, use of a single-cell isolation method limited cDNA availability for validation studies using RT-qPCR. However, the single cell2isolation method provided us with the ability to identify correlations between gene expression and clinical markers for each participant, which strengthened our findings. Third, the sample size was small for each maturation stage. However, compared with other methods, RNA-Seq is a robust method that creates high-throughput sequencing of an entire transcriptome with low background noise from low starting RNA amounts (40) and therefore provides a more comprehensive profile of the effects of adiposity on oocyte gene expression. Finally, the use of a single round of amplification should have diminished the potential for bias in over-or underrepresenting transcripts.
In conclusion, the single-cell transcriptomic approach helped us identify obesity-associated changes in the oocyte mRNA content related to neuronal development and key metabolic pathways, such as lipid metabolism and insulin signaling, which may be influenced by posttranscriptional mechanisms. Combined with findings of an upregulation of proinflammatory and oxidative stress2related genes in the oocytes, these results suggest that not only the integrity and competence of the oocytes but also the metabolism may be compromised by obesity. The preconception period may therefore be a critical window for lifestyle interventions aimed at preventing potential obesity-related effects on the oocyte, and maternal dietary SFA intake may be an important interventional target for these prevention efforts.
